Introduction
Small GTP-binding proteins of the Ras family are essential components of biochemical pathways transducing proliferative signals from the vast majority of growth factor receptors (Bar-Sagi and Hall, 2000) . At the molecular level, cycling between an active GTPbound form and an inactive GDP-bound form, Ras regulates the activity of a number of key biochemical routes, including a cascade of serine-threonine kinases represented by Raf and Mek, which culminate with the activation of two mitogen-activated kinases (MAPK kinases), ERK1 and ERK2. Activation of these MAP kinases, in turn, controls the activity of nuclear transcription factors that are critical for cell growth (Bar-Sagi and Hall, 2000) . On the other hand, Rho family GTPases transduce extracellular signals to specific targets regulating cell morphology, cell aggregation, tissue polarity, cytokinesis, cell motility and smooth muscle contraction (Narumiya, 1996; Takai et al., 2001) . For example, when microinjected into Swiss 3T3 fibroblasts, activated Rho rapidly induces the formation of actin stress fibers and focal adhesion contacts, while other members of the Rho family, such as Cdc42 and Rac, regulate, respectively, the formation of filopodia, and membrane ruffles and lamellipodia (Nobes and Hall, 1995) .
Interestingly, recent work has established that Rho proteins are also integral components of signaling pathways leading to transcriptional control. For example, Rac and Cdc42 have been reported to activate c-Jun amino-terminal kinase (JNK) thereby regulating the transcriptional activity of c-Jun , and Rho has been shown to induce expression from the serum responsive element (SRE) through the transcriptional activation of the serum response factor (SRF) (Hill et al., 1995) . However, the nature of the genes whose expression is regulated by Ras and Rho family members as well as their contribution to the numerous biological functions of these GTPases, including cell transformation (Perona et al., 1993) , is still largely unknown. To begin addressing this issue, we used cDNA microarray mouse chips to examine the global pattern of gene expression in NIH 3T3 cells stably expressing activated alleles of H-Ras, RhoA, Rac and Cdc42. We observed that 1184 out of 19 117 unique genes were up-or downregulated by at least twofold by these GTPases. Furthermore, we found that H-Ras V12 potently decrease by more than eightfold the expression of 52 genes compared to only three genes in association with the activated form of Rho family members. Of interest was the identification of similarly coregulated genes by H-Ras V12 and RhoA, possibly explaining some of the equivalent biological effects between these two small G proteins.
Results
To begin exploring the nature of the genes regulated by H-Ras, RhoA, Rac1 and Cdc42 that may contribute to cell growth control, we compared the ability of their activated alleles to induce focus formation in NIH 3T3 cells. We observed that H-RasV12 was the most potent oncogene, around 10 times more potent than RhoA QL. In turn, activated Rho A was much more potent than Rac1 QL and Cdc42 QL that are poorly transforming in these cells (Figure 1a , b). The shape of the H-RasV12 foci, diffuse and extended, was also quite different from that induced by RhoA QL, Rac1 QL and Cdc42 QL, which displayed a punctuate morphology ( Figure 1a ).
As these results indicated that there is a hierarchy of transforming ability among these GTPases, we next sought to explore the nature of the genes regulated by each of these small GTPases, using a cDNA microarray analysis approach with a comprehensive mouse cDNA chip that includes 26 383 elements (19 117 unique genes). For these experiments, we examined the total RNA from established mass cultures of NIH 3T3 cells expressing H-RasV12, RhoA QL, Rac1 QL and Cdc42 QL. All GTPases were expressed at comparable levels ( Figure 2a ). For array analysis, cDNA was transcribed from total RNA purified from each cell line and indirectly labeled with the fluorescent Cy5 dye. The labeled cell line cDNA was mixed with an equal amount of a reference probe consisting of Cy3 labeled cDNA made in parallel from empty vector transfected cells (AU5). Using a highly stringent criterion (see Methods), we observed that of the 26 383 elements represented on these mouse arrays, 1401 elements (1184 unique genes) varied more than twofold (up or down) in three independent experiments (Figure 2b ) (see Supplementary Data for the complete list of genes). These results indicated that around 7.3% of all genes examined are affected by activated Ras and Rho GTPases.
As shown in Figure 2b , the hierarchical gene cluster expression pattern indicates that genes regulated by Rac1 and Cdc42 are more correlated with the expression pattern induced by RhoA than with the expression profile of Ras. This hierarchy of relatedness also reflects their structural similarity (Takai et al., 2001) (Figure 2b , Supplemental Table 1 ). Furthermore, we observed that H-Ras and RhoA could induce the expression of a set of genes different from those stimulated by Rac1 and Cdc42 (Clusters 1 and 2) (Figure 2c ). For example, Cluster 1 represents H-Ras V12 and RhoA QL upregulated genes (82 elements, 56 unique genes), and Cluster 2 includes Rac1 QL and Cdc42 QL specific upregulated genes (14 elements, 14 unique genes). The complete list of genes and their relative changes can be found in Supplemental Table 1 .
To examine in more detail the different gene expression patterns induced by H-Ras, RhoA, Rac1 and Cdc42, we listed some of those genes whose expression was highly up-or downregulated by each of these activated GTPases (Table 1) . From this table, we can observe that there are substantial differences among the genes affected by these small G proteins. For example, expression of osteopontin, a multifunctional acidic phosphoglycoprotein, was dramatically increased by H-Ras V12 (12.7-fold), but downregulated by Rac1 QL (À2.6-fold). Early growth response protein 1 (Egr-1) was upregulated by all Rho GTPases, RhoA mRNA from reference cells was used to prepare cDNA labeled with Cy3-dUTP, and mRNA harvested from H-Ras V12, RhoA QL, Rac1QL and Cdc42 QL cell line was used to prepare cDNA labeled with Cy5-dUTP. The two cDNA probes were mixed and simultaneously hybridized to the microarray. Gene expression changes in response to GTPases were clustered hierarchically into groups on the basis of similarity in their expression profiles. All the data are available in Supplemental Identification of the small GTPases responsive gen H Teramoto et al QL (2.8-fold), Rac1 QL (4.9-fold) and Cdc42 QL (4.4-fold), but repressed by H-Ras V12 (À2.9-fold). Glutathione S-transferase was downregulated only by H-Ras V12 (À10-fold) and RhoA QL (À2.6-fold). Furthermore, HMGI-C, a small nonhistone chromosomal protein regulating transcription, and p8, an HMG-I/Y-like protein, were highly stimulated by H-Ras V12 (18.1-and 2.5-fold, respectively) and RhoA QL (3.2-and 2.8-fold, respectively), but not by Rac1 QL and Cdc42 QL, which did not affect the regulation of these genes (Tables 1 and 2) . As a large number of genes are regulated differently by H-Ras V12, RhoA QL, Rac1 QL and Cdc42 QL, these observations led us to compare the gene expression changes provoked by each GTPase based on gene functions (Table 2) . From this analysis, a pattern To examine whether mRNA abundance was reflected in protein expression levels, we also examined the expression of a number of gene products by using commercially available antibodies (Figure 3 ). ERK2 mRNA expression levels did not change (not shown) and, indeed, its protein levels were nearly identical in vector control (AU5), H-Ras V12, RhoA QL, Rac1 QL and Cdc42 QL. In contrast, Akt 1 and osteopontin were highly expressed in H-Ras V12, but Egr-1 expression was elevated only in RhoA QL-, Rac1 QL-and Cdc42 QL-expressing cells.
Discussion
A key role for Ras in cell growth control was predicted from the frequent occurrence of activating mutations in a large variety of human cancers (Bos, 1989) . Furthermore, the functional activity of Ras is now known to be required for mitogenic signaling by most growth factor receptors (Porter and Vaillancourt, 1998) . In contrast, the diversity of biological functions performed by small GTPases of the Rho family is just beginning to be fully appreciated. In particular, the role of Rho-like proteins in the regulation of the actin-containing cytostructures and their dynamic changes during cell migration and adhesion, as well as their role in cellular growth and transformation have been recently characterized in great detail (Hall, 1998) . However, the nature of the nuclear events regulated by these GTP-binding proteins is much less understood.
In this study, we have examined which genes are specifically regulated by activated forms of H-Ras, Relative mRNA levels of the indicated genes (ERK2, osteopontin Akt1 and Egr-1) were determined by microarray hybridizations. Indicated genes were also tested for protein expression level by Western blotting of total cell extracts using anti-ERK2, Akt1, osteopontin and Egr-1 antisera
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RhoA, Rac1 and Cdc42 by a cDNA microarray analysis approach. Using a mouse cDNA chip including 19 117 unique genes, we found that around 7.3% of all genes examined are affected by these GTPases. The different gene expression patterns correlated with the focusforming ability of these GTPases. Indeed, there were many genes that were costimulated by H-Ras V12 and RhoA QL but not Rac1 QL and Cdc42 QL, reflecting the higher transforming potential of H-Ras and RhoA. The hierarchical gene cluster expression pattern also revealed that genes regulated by RhoA were more related to those of Rac1 and Cdc42 than to H-Ras. This hierarchy of relatedness of gene expression is also suggested by their structural similarity, which suggests that their structural features may affect the downstream nuclear targets for these small GTPases. On the other hand, as a large number of genes were differently regulated by H-Ras V12, RhoA QL, Rac1 QL and Cdc42 QL, we compared these genes based on the function of their predicted protein product. Overall, the emerging pattern suggests that Rac1 QL and Cdc42 QL upregulate many genes encoding cell adhesion proteins and extracellular matrix components, which are either downregulated or not affected by H-Ras V12 and RhoA QL. Cell cycle genes and growth-promoting transcriptional regulators, in contrast, were primarily stimulated by Ras and RhoA, and in some cases the same genes were inhibited by Rac and Cdc42.
Although an extensive analysis of how distinct gene expression patterns correlate with protein expression levels is beyond the scope of the present study, we nonetheless observed a good correlation between mRNA abundance and protein expression in a few representative cases. For example, ERK2 gene expression does not change among transfectants, and its protein product was nearly identical in all cells. Correlating also with their gene expression pattern, Egr-1 levels were elevated only in RhoA QL-, Rac1 QLand Cdc42 QL-expressing cells, and Akt 1 and osteopontin were expressed higher in H-Ras V12-transfected cells. These results suggest that the result of microarray expression patterns and protein levels may correlate well for a number of these proteins. In addition, some of these events may be linked to each other. For example, it was reported that the expression of Egr-1 can be stimulated by RhoA in NIH 3T3 cells (Vara Prasad and Dhanasekaran, 1999) , and this transcription factor can transactivate the fibronectin gene (Liu et al., 2000) , which is induced by Rho GTPases. Fibronectin is a key component of the extracellular matrix, and plays a crucial role in determining how the microenvironment of the cells affects a variety of morphogenetic processes, as it promotes cell adhesion, migration and signal transduction (Miyamoto et al., 1995) . On the contrary, expressions of both Egr-1 and fibronectin are down regulated by H-Ras V12. Loss of this matrix component often accompanies oncogenic transformation, thus allowing changes in cell growth, morphology and tissue organization (Brenner et al., 2000) .
Ras is the most frequently mutated oncogene in human cancer (Macara et al., 1996) , and the mechanism underlying tumor promotion by Ras may depend on the combination of its effects on gene expression and changes in post-translational processing of pre-existing and induced proteins. Among the former, upregulation of many genes such as those detected here, including HMGI-C, osteopontin, connexin 43, Akt, ERK3, and the downregulation of growth-inhibiting genes such as Gas1 and ERF (Table 1, Figure 3 ) may contribute to the transforming activity of H-Ras. Indeed, expression of HMGI-C by H-Ras was reported earlier (Zentner et al., 2001) , and truncated HMGI-C can alone induce neoplastic transformation of NIH 3T3 cells (Fedele et al., 1998) . Osteopontin, a secreted phosphoprotein associated with the process of neoplastic transformation, has been shown recently to be highly expressed in lung cancer, and that its overexpression is dependent on the activated status of the ras oncogene (Zhang et al., 2001 ). An interesting observation is that only H-Ras stimulates the expression of Mdm2, a key molecule mediating the degradation of p53 and thus inhibiting p53 tumor suppressor function (Michael and Oren, 2002 ). Downregulation of molecules by H-Ras may be also important for tumorigenicity. For example, the transcriptional events promoted by H-Ras, either by enhancing or decreasing gene expression, may explain the high transforming potential of active H-Ras alleles. It is likely that many of the changes in gene expression detected by this extensive gene array analysis will have biological significance, thus warranting further investigation to assess their potential contribution to Rasinduced malignancies.
It is also interesting that some of the biological activities elicited by RhoA and resembling H-Rasmediated effects may depend on its ability to promote gene expression patterns similar to H-Ras but distinct from those induced by Rac1 and Cdc42. Among them, the most dramatic is the high transforming activity of RhoA and its activated exchange factors, including PDZ RhoGEF, LARG and p115 (Fukuhara et al., 2001) , which is in contrast with the poor transforming activity of Rac and Cdc42 and GEF promoting the accumulation of their active form, such as Tiam (van Leeuwen et al., 1995) . Indeed, there are subsets of genes induced (Cluster 1) or repressed (Cluster 2) by RhoA that are also regulated in the same direction by H-Ras. These same genes are regulated, for the most part, in an opposite direction by activated forms of Rac1 and Cdc42. For example, cyclin G1 is upregulated by activated RhoA and H-Ras but not activated Rac1 and Cdc42. Of interest, RhoA also promotes the expression of the apoptotic inhibitor survivin, while Rac1 and Cdc42 diminish its expression. These differences may now help explain the clearly more potent growth-promoting activity of Rho. On the other hand, the fact that Rac and Cdc42 selectively stimulate the expression of extracellular matrix and cell adhesion molecules can be related to their ability to regulate morphological changes and cell migration. In line with this notion, an unexpected observation was that Rac and Cdc42 potently promote the expression of neuropilin, a molecule initially characterized in axon guidance (Chen and Tessier-Lavigne, 1998 ) but now known to be expressed in multiple cell types and to mediate cell migration in response to gradients of semaphorins and growth factors, such as VEGF (Soker et al., 1998) .
In summary, we have conducted an extensive analysis of the gene expression patterns induced by activated forms of small GTPases of the Ras and Rho families. From this analysis, a GTPase-specific fingerprint of gene expression appears to emerge that correlates with their diverse biological activities. Among them, similarities between H-Ras and RhoA, and their clear differences with Rac1 and Cdc42 may now help explain their distinct ability to promote cell growth and transformation.
Materials and methods

Cell lines and transfection
NIH 3T3 cells were maintained in Dulbecco's modified Eagle's medium (Life Technologies) supplemented with 10% calf serum, and transfected by the calcium-phosphate precipitation technique adjusting the total amount of DNA to 2 mg/plate with vector alone. For microarray stable cell lines, mass populations of cells expressing the transfected gene were selected for their ability to grow in the presence of Geneticin (G418) (GIBCO BRL, NY, USA).
DNA constructs
Plasmids expressing epitope-tagged GTPases, including pCEFL AU5, pCEFL AU5-c-H-Ras V12 and pCEFL AU5-RhoA QL, pCEFL AU5-Rac1 QL, pCEFL AU5-Cdc42 QL, were described previously (Teramoto et al., 1996) .
Western blots
Lysates containing approximately 50 mg of total cellular protein were analysed by Western blotting after SDSpolyacrylamide gel electrophoresis using anti-MAP Kinase (Erk 2, 05-157; UBI, NY, USA), osteopontin (sc-10593; Santa Cruz, CA, USA), Akt-1 (sc-1618; Santa Cruz, CA, USA), and Egr-1 (sc-110; Santa Cruz, CA, USA) antibodies. Immunocomplexes were visualized by enhanced chemiluminescence detection (Amersham Corp., NJ, USA) using goat anti-mouse or goat anti-rabbit IgGs coupled to horseradish peroxidase as a secondary antibody (Cappel, NC, USA).
cDNA micoarrays, probes and hybridization Fabrication of the microarray has been described previously (Malek et al., 2002) . Arrays composed of 26 383 elements (19 117 unique genes) were derived from the Ko/NIH (15 247elements) (Tanaka et al., 2000) and brain molecular anatomy project (BMAP) cDNA mouse clone sets (11 136 elements) (http://brainest.eng.uiowa.edu/). For probe preparation, total RNA was isolated from three to five independent mass cultures of confluent stable NIH 3T3 mouse cell lines (AU5, AU5 H-Ras V12, AU5 RhoA QL, AU5 Rac1 QL and AU5 Cdc42 QL) under serum-free conditions (24 h). Total RNA was prepared using the RNeasy Mini Kit as per the manufacturer's protocol (QIAGEN, CA, USA). Labeled cDNA was synthesized from 15 mg total RNA from the test cell lines (AU5 H-Ras V12, AU5 RhoA QL, AU5 Rac1 QL and AU5 Cdc42 QL), and from an equal amount of total RNA from the reference cell line (AU5). Probe labeling, purification and hybridizations were performed as described previously (Yang et al., 2002) .
Image scanning and cluster analysis
Image scanning, fluorescence intensity measurements, back ground subtraction, data normalization and cluster analysis were performed as described previously (Malek et al., 2002) . For cluster analysis, we used TIGR Multi Experiment Viewer (TMEV), available at /http:/www.tigr.org/softlab/S. Before clustering, logarithms (base2) were calculated for the measured median fluorescence ratio for each gene. Our experimental noise, as measured by self-to-self hybridization of the AU5 cell line, was determined to be 0.2 (log2). Each array hybridization was repeated independently at least three independent times, and differentially regulated genes were stringently set at four standard variations from the mean (equivalent to 1.73-fold change) (Yang et al., 2002) .
